In this paper we present a hybrid model for coupling of biofilm growth and hydrodynamic flow in a pipe. A cellular automata model, which is a discrete model, is used to describe the growth of biofilm. This stochastic discrete model is coupled with a continuum model of the fluid flow in a pipe. The potential applications of the proposed model are the flow in drinking water pipe systems or in aquifers, where the porous media can be represented using pore-network models. The proposed model can be used to perform realistic upscaling of cellular automata models to the continuum scale. Numerical results and extensions of the proposed hybrid model are discussed in the paper.
Introduction
Mathematical models have been used for the last three decades to synthesize and integrate our knowledge about the behavior of microbial biofilms. Early models represented biofilms as homogeneous steady-state films containing a single species (Rittmann and McCarty, 1980) . They later evolved to dynamic multisubstrate, multi-species biofilm computer models (Rittmann and Manem, 1992; Wanner and Gujer, 1986; Wanner and Reichert, 1996) . Although these models were advanced descriptions, they were governed exclusively by one-dimensional mass transport and biochemical interactions, and the models could not account for the experimentally observed three-dimensional heterogeneity resulting from bacterial attachment, growth, and detachment. The morphology was essentially pre-determined by the modeler. Detachment was represented by an arbitrary uniform removal rate. These models are generally suitable for representing aggregate biofilm activity on many square millimeters of surface area.
The subsequent generalization of biofilm models focused on a smaller scale. Most utilized discrete models, such as cellular automata, govern the lives of microbial cells. These models produced realistic, structurally heterogeneous biofilms (Barker and Grimson, 1993; Eberl et al., 2000; Noguera et al., 1999; Picioreanu et al., 1998) . They allowed the artificial biofilm structure to evolve as a self-organization process, emulating how bacterial cells organize themselves into biofilms. Some models ignored detachment, while others viewed detachment as a process completely dependent on the shear-stress induced by the flowing bulk liquid.
The aim of this paper is to develop a hybrid model that describes the biofilm growth in a pipe. Previously, most research efforts in this direction were concentrated on empirical models. In these models, the continuum equations were proposed phenomenologically and involve empirical relations for the quantities of interest. For example, the reactive terms are assumed to be Monod type on the continuum scale and empirical relations for permeability field as a function of biomass are used for porous media applications. In this paper, our goal is to construct a hybrid model that bridges the continuum scale with the cellular scale. The potential applications of the proposed model are the flow in drinking water pipe systems or in aquifers, where the porous media can be represented using pore-network models. The proposed model can be used to develop realistic upscaling of cellular automata models to the continuum scale by performing simulations in representative volumes. Furthermore, the desired upscaled quantities can be evaluated from these micro-scale simulations.
The paper merges the recently developed cellular automata model of Hunt et al., 2003 , with a simplified hydrodynamic model for the flow in a pipe. The three-dimensional cellular automata model combines conventional diffusion-reaction equations for chemicals to model solute transport and a cellular automata algorithm to simulate the bacterial growth, movement, and detachment. Three different plausible cellular automata detachment rules were examined by conducting 20 replicate simulations for each detachment rule in Hunt et al., 2003 . Detachment via a hypothetical bacterially produced chemical detachment factor produces structures compatible with the known morphology and dynamic behavior of biofilms. It was concluded that the simulation results are both qualitatively and quantitatively similar to those for laboratory biofilms.
The basic idea of the proposed hybrid model is to combine the transport of substrate and bio-cells in a pipe with the biofilm dynamics at the smaller scales. The tight coupling of continuum and the discrete model is due to transport, detachment, and re-attachment of cells. After each transport iteration, the cellular automata calculations are performed and macroscale quantities are extracted from these simulations. Furthermore, these quantities are used in the continuum model to calculate the fluid flow parameters and transport. The proposed approach is a first step toward developing a more comprehensive model, where many different physical phenomena can be included.
The paper is organized in the following way. In the next section, we present the model. This section is divided into two subsections. In the first subsection, we describe the cellular automata model used in our simulations. In the second subsection, we present the details of the hybrid model. In Section 3, we present the numerical results. Finally, we discuss the extensions of the hybrid model.
Hybrid Model
The important flow and transport processes occur over different length and time scales. For example, pipeline flow as well as the transport of chemical particles and microbial cells in the bulk fluid can be resolved using length scales of centimeters to meters and time scales of seconds to minutes. However, at the pipe surface, biofilm processes are important, and these must be resolved using length scales of microns and time scales of hours to days.
Our modeling approach will be to simulate the fluid-biofilm interactions at the microscale then couple these interaction with equations describing flow and mass transport in the bulk fluid. We employ a published cellular automata model (Hunt et al., 2003 ) that simulates biofilm growth, attachment of cells, and detachment. The coupling between cellular automata and fluid flow will be modeled in a pipe for laminar flows as described below.
Cellular automata model
Cellular automata was originally introduced by Ulam and von Neumann in the 1940s to provide a formal framework for investigating the behavior of complex, extended systems (von Neumann, 1966) . Cellular automata models are dynamical systems in which space and time are discrete. A cellular automaton consists of a regular grid of cells, each of which can be in one of a finite number of possible states, updated synchronously in discrete time steps according to a local, identical rule. The state of a cell is determined by the previous states of a surrounding neighborhood of cells (Wolfram, 1984, Packard and Wolfram, 1985) . The cellular automata is set on a finite grid, where each grid block represents a cell. The identical rule contained in each cell is essentially a finite state machine, usually specified in the form of a rule table, with an entry for every possible neighborhood configuration of states.
In this subsection, we briefly describe the cellular automata model, called BacLAB, following Hunt et al., 2003 . The BacLAB computer model describes the dynamic stochastic behavior of a bacterial biofilm on a surface (substratum) in an aqueous environment. The bulk liquid is assumed to be well-mixed and it produces no shear-stress on the biofilm. BacLAB blends a conventional, deterministic differential equation model for chemical reaction and diffusion with a stochastic cellular automata model for bacterial cell division, detachment, and movement. One of the features of BacLAB is its ability to include a chemical factor, produced by the bacteria, which leads to detachment when large local concentrations are achieved. The existence of such a detachment factor is an important conjecture (Potera, 1999) .
The spatial domain of the model (which will be used as a representative volume computation in our hybrid simulations) consists of a box with 900 µm per side, containing a computational grid. The grid partitions the model space into many small cubes, each cube being a volume element large enough (3 µm per side) to include a bacterial cell and its associated extracellular polymeric substance (Characklis, 1989) . Coordinates of each cube and lattice point are then uniquely given by the set of vectors (x, y, z) such that x = 0...N x − 1, y = 0...N y − 1, and z = 0...N z − 1. There are N x × N y × N z total lattice points and cubes. In our simulations N x = N y = N z = 300. Here z = 0 indicates an element on the substratum, and z = N z − 1 indicates an element the farthest from the substratum.
Three primary arrays are used to represent the state of the system, C S (x, y, z), C F (x, y, z), and B(x, y, z), where C S (x, y, z) denotes the concentration of the limiting substrate, C F (x, y, z) denotes the concentration of the detachment factor, and B(x, y, z) denotes the occupation state at location (x, y, z). Each element within the substrate and detachment arrays, C S (x, y, z) and C F (x, y, z), contains a positive real value corresponding to that solute's concentration at that node location. The occupation state of a cube, B(x, y, z), is represented by an identity pointer to a vector containing all relevant information (e.g. bacterial species, kinetic parameters, etc.) about an individual bacteria. If the cube is unoccupied by a bacteria, it is represented by a null identity pointer. When computing the state of the system at the next time point, C S and C F are updated using differential equations, while B is updated using cellular automata rules. The schematic description of the representative elementary volume is presented in Figure 1 . Next we briefly describe the update procedures. We assume that the solutes are transported solely by diffusion in the biofilm. The concentrations C S (x, y, z) and C F (x, y, z) are a result of molecular diffusion and reaction (consumption or production) with the bacteria. The diffusional time constant is approximately 100 orders of magnitude smaller than that for bacterial cell division (Picioreanu, 1999) . Thus, molecular diffusion can be assumed to be at steady-state with respect to the bacterial growth. Ignoring the location indices (x, y, z), let C i denote the concentration of solute i, where i is either the limiting substrate, S, or the chemical detachment factor, F . Let the parameter D i denote the diffusivity coefficient of solute i. The diffusivity in the biofilm is calculated by multiplying the diffusivity of the solute in the aqueous or bulk phase, D i,aq , by the relative effective diffusivity, D i,e /D i,aq . The variable X denotes the biomass density (calculated as average cell mass per cube volume for occupied cubes and 0 otherwise), and r i (C S , X) denotes the reaction term (to be defined below) corresponding to the "i"s substrate consumption or production by the bacteria. A negative r i value indicates substrate conversion into biomass and a positive r i value indicates that the bacteria are producing the solute, as is the case for the chemical detachment factor. The following equation represents the diffusive transport and reaction for
where i = S, F . Here, the reaction for substratum is given by
Equation (2) is the classical Monod (1949) equation for the substrate consumption by bacteria. Here, µ max denotes the maximum specific growth rate, Y XS denotes the yield coefficient, and K s denotes the half-saturation coefficient. The reaction for chemical detachment is given by
Here the parameter k denotes the detachment factor production coefficient. Equation (3) is an assumed first-order kinetic expression in C S for the detachment factor production. This first-order expression in C S attempts to correlate the detachment factor production with cellular activity. It is, therefore, assumed that when a cell is in a starved state, energy is conserved and extra cellular chemicals are not actively produced. The model's substrate uptake from the surrounding environment is dictated by the set of boundary conditions used in the simulation. The substratum is modeled as an impermeable surface by specifying a no-flux boundary condition at z = 0.
The substrate source is generated by maintaining a constant concentration of the substrate in the bulk fluid (calculated from the hybrid model) C S,bulk , above the top of the biofilm as a moving boundary. Conversely, a sink for the detachment factor is created by maintaining the concentration in the bulk fluid at zero, i.e., C F,bulk = 0. This feature is reasonable if convective transport removes the detachment factor from locations in the bulk liquid above the top of the biofilm. Periodic boundary conditions are imposed in the x and y directions. Cellular automata rules are used to update the occupation array, B, at each time step. The rules are locally applied to each bacteria to determine its new state as a function of local environment and the previous state of that bacteria. The rules specify whether each bacteria divides, moves, or detaches. We briefly describe these rules (for more details, see Hunt et al., 2003) . Let the parameter m avg denote the average mass of an individual bacteria. For a bacteria to divide, it must consume enough substrate to create a new daughter cell (≈ m avg /Y XS ). Therefore, each bacteria, when created, is assigned a random division threshold denoted by m n , which is the cumulative mass of substrate needed for the bacteria to divide. The m n value is drawn at random from the uniform distribution on the interval [0.9 × (m avg /Y XS ), 1.1 × (m avg /Y XS )]. Both m n and the cumulative amount of substrate consumed by a bacteria to form biomass are stored in the I vector for that particular cell. Substrate consumption for each time increment is determined by multiplying (2) by the time step, ∆t, and node volume, 27 µm 3 . The cumulative amount of substrate consumed by the bacteria increases until it exceeds m n , in which case the cell divides. Any excess substrate consumed (above m n ) is kept with the parent bacteria as part of a new m n for future division. The location (cube) of the newly created daughter cell is chosen at random from the 26 locations bordering the location of the mother cell (17 locations if the mother cell is on the substratum). If the selected cube is occupied, the daughter cell will displace cells in that direction until an empty cube is encountered. If the substratum or the original location (due to the periodic boundary conditions) is reached before encountering an empty volume element, a different daughter cell location is chosen at random.
In BacLAB, detachment is entirely governed by the local concentration of the detachment factor. Let the parameter C F,max denote a predetermined threshold concentration. Detachment occurs if and only if C F > C F,max at the cell's location or if a cell is no longer anchored to the substratum due to other cells detaching. Three different detachment rules were investigated in a computer experiment. The first presumes removal of any bacteria at each node point that has reached the detachment factor threshold, C F,max . This rule is referred to as local detachment. The second rule is similar to the first, but additionally removes any cell within a specified radius of detachment, R d , of the node point where C F exceeds C F,max . This rule attempts to account for degradation of the extracellular polymeric substance as described by Boyd and Chakrabarty (1994) . A hollowing of the biofilm structure is commonly observed with this detachment method, and it is, therefore, referred to as the hollow method. The third removal rule is similar to the second, with the exception that it also initiates the detachment of the plug or cylinder of biomass directly above the hollowed region. These detached particles typically resemble cylinders and, therefore, this method is referred to as the cylinder method.
Below we briefly outline the steps of cellular automata model.
1. Initialize the model with N c randomly placed spherical colonies of radius R c . Each cell within the colonies is itself inoculated with a random amount of substrate relative to the division denoted by M , where M is chosen from a uniform (0, m n ) distribution.
2. Generate the substrate distribution for the current time step, t, by finding the steady-state solution to (1).
3. Generate the detachment factor distribution for the current time step, t, by finding the steady-state solution to (1).
4. For each cube in C, determine if it is occupied by a bacteria. If the cube is unoccupied, nothing further is done with that volume element at the current time step. If the cube is occupied, further calculations are performed.
5. Each bacteria consumes substrate based on (2) and the local concentration. The cumulative amount of substrate consumed for each cell, since its last division, is then updated.
6. Determine if C F in the cube is above the detachment factor threshold, C F,max .
7. Remove the bacteria in the current cube and any additional bacteria in other cubes according to the detachment rule specified. Additionally, identify and remove any floating clusters of bacteria.
8. Check if the bacteria has consumed enough substrate to divide.
9. Create a new bacteria neighboring the parent and leave excess substrate (not required for the creation of a daughter cell) with the parent bacteria according to the rules specified.
10. Move forward in time by ∆t based on the events that occurred in steps 4-9.
In Figure 2 (left figure), the biofilm structure calculated from cellular automata is plotted. On the right plot, the biofilm structure obtained from the experiment is depicted. 
Fluid Flow Model
We present a hybrid model for a pipe, as shown in Figure 3 . First, we introduce a grid for macroscale computations. The macroscale quantities are assumed to be constant within each grid block (also called coarse-grid block). In the case of a pipe, we divide the pipe into the coarse elements along the main flow direction. Consequently, each coarse grid is a segment of the pipe with a shorter length. One can also introduce the computational grid across the length of the pipe. However, in our computations, we will assume the pipe has a small diameter and the variations across the length of the pipe will be neglected.
To each coarse computational element, a representative computational volume for cellular automata model is assigned. Typical computational coarse grid is of size of order cm. In our numerical simulations, we assume the pipe length is 1 m with diameter 1 cm. Consequently, each coarse segment of the pipe has the length 10 cm. The representative computational volume for biofilm is of size ≈ 1mm 3 (computational grid for cellular automata model is 300×300×300). Thus, we only perform small-scale computations and extract the information about the macroscopic quantities. Here, we make an intrinsic assumption that the macroscale quantities describing the biofilm dynamics can be obtained from the simulations of the size smaller than the actual. The validity of this assumption is a subject of future research. We would like to note that one can use different physical dimensions for microscale and macroscale computations in our hybrid model.
As for hydrodynamic flow, we assume that the total flow rate Q is given and kept constant throughout the simulation. Moreover, the numerical value of Q is assumed to be small in order to have a laminar flow. We consider the following quantities to be the macroscopic quantities of interest: the bulk concentration of the substrate; the concentration of the cells in the bulk fluid; the macroscopic velocity of the fluid; and the average height of the biofilm. Note that given the height of the biofilm in each coarse block, we can solve for the velocity field. In each segment of the pipe, instead of solving Navier-Stokes equations we will assume the velocity has Poiseuille distribution. Thus, the average velocity in each coarse element can be computed by
where A i is the crosssection area of the ith coarse block. Using this average velocity one can write down a parabolic profile of the velocity field using Poiseuille flow approximation. However, in our computations we do not grid the cross section of the pipe, therefore, the velocity field will be assumed to be constant within the cross section of the pipe. Moreover, this velocity field will be used in the transport equation for the cell concentration and substrate concentration. In the future, we plan to consider more accurate and detailed models using Navier-Stokes solution of hydrodynamic equations. Next, we describe the transport of the substrate and cell concentrations. At each time step, the cell concentration and substrate concentration are updated using an upwind procedure. For each coarse block i, we denote the concentration of the substrate and bio-cells by c (6) where the quantities with subscript l denotes the left edge and with subscript r denotes the right edge of the ith coarse block. This equation is solved for both cell concentration and the substrate concentration. We note that the velocities are computed from (5) .
Once the concentration in each cell is computed, we use the cellular automata model in a representative computational domain of each coarse block to advance the state of the biofilm. For this purpose, we assume the bulk concentrations of the substrate and bio-cells are constants in the bulk portion of the fluid, i.e., we ignore the variations of the concentrations in the bulk part of the fluid. Moreover, we assume zero chemical detachment factor in the bulk. This feature is reasonable if convective transport removes the detachment factor from locations in the bulk liquid above the top of the biofilm. Periodic boundary conditions are imposed in the x and y directions.
The values of the concentrations are imposed as a boundary condition for (1) and this equation is solved as described earlier. Furthermore, the state of each cell is computed based on cellular automata algorithm as described in the previous section. From this algorithm, we obtain the number of detached cells, which are carried back to the bulk fluid, and thus the cell concentration in the bulk is increased. Moreover, the biofilm growth dynamics, which are based on substrate concentration, allow us to compute the average height of the biofilm in each coarse element. The average height of the biofilm is further used in (5) for the computation of the velocity field. The updated velocity field will be employed at the next time step for updating the cell and substrate concentrations.
The cells in the bulk fluid can re-attach to the biofilm and pipe surface. This feature is implemented in our model. In particular, we assume a certain percentage of the cells in the bulk fluid re-attach to the surface of the pipe. This allows tight coupling between the cellular automata model and the hydrodynamic model. Indeed, the re-attachment allows the detached cells from the regions near the inlet of the pipe to be re-attached to the regions farther along the pipe. Consequently, the coarse computational grids that are along the pipe are strongly coupled. We would like to note that in general, the cells are also detached due to shear stress. This will increase the number of detached cells and will be pursued in our future research.
We note that the cellular automata model is stochastic, and one can run Monte-Carlo simulations for the computations of the averages, such as biofilm height or the number of detached cells. We can also generate cumulative distribution from multiple runs and sample a value for biofilm height and the number of detached cells for our marcoscale simulations. Finally, time stepping for these simulations will be taken according to the smaller time step, which in our case will be the time scale of the flow. Later, we will discuss how the disparity of the time scales can be overcome by designing efficient numerical methods.
In Figure 4 , we describe the computational procedure for the proposed hybrid model.
1. Initialize the model with some biofilm distribution and substrate concentrations.
2. Compute the macroscale velocities in each coarse segment based on biofilm height using 5.
3. Update the bulk substrate and cell concentrations using (6) in (t, t + ∆t).
4. Re-attach prescribed percentage of the cells into the biofilm.
5. Run cellular automata model for (t, t + ∆t) using the bulk concentration of substrate as a boundary condition for (1).
6. From cellular automata model, compute the average biofilm height and the number of detached cells for each computational volume.
7. Go to 1.
Q − the regions where the cellular automota models are used 
Numerical results
In this section, we present some representative numerical results. The macroscopic quantities we will be interested in are (1) biofilm height, (2) bulk substrate, (3) the total number of cells in the bulk fluid, and (4) the total number of detached cells. These quantities will be plotted as a function of space and time. The pipe is assumed to have a length of 1 m and is divided into 10 equal coarse-scale regions along the pipe. The diameter of the pipe is assumed to be 1 cm.
In each coarse-scale computational region, the representative elementary volume of size 300 × 300 × 300 is used to represent the heterogeneities associated with biofilm growth. In all numerical examples, we assume that some portion of the cells in the bulk fluid re-attach to the biofilm and pipe surface. We will consider 25 and 75 percent re-attachment rates. This introduces strong coupling of the bulk quantities and the biofilm along the pipe. The substrate concentration at the inlet is assumed to be constant. In the numerical simulations, we will change the concentration of the substrate at the inlet and perform comparative studies. The total fluid flow rate is fixed, such that in the pipe without any biofilm the velocity is 1 m/day.
In the first set of numerical experiments, the substrate concentration at the inlet is assumed to be 8 g/m 3 at the inlet. In Figure 5 , the biofilm height for 25 and 75 percent re-attachment rates is shown. First, we note that in these numerical examples, the biofilm height at the end of the pipe is small, because of the high detachment rate due to low substrate concentration. Comparing the left and right figures, we note that in the case of the lower re-attachment rate, the biofilm height is smaller. In particular, this is more noticeable at the entry of the pipe. Indeed, because of low re-attachment, the biofilm height decreases faster. In Figure  6 , we plot bulk substrate along the pipe. It can be observed from this figure that the bulk substrate at the end of the pipe is small, which is the reason for the low biofilm height at the end of the pipe. Next, we consider the total number of cells in the bulk fluid. In Figure 7 , the total number of cells along the pipe are plotted. For the lower re-attachment rate, we observe a higher cell concentration in the bulk fluid. For 75 percent re-attachment rate, the cell concentration in the bulk fluid is small at the end of the pipe. Similarly, if we compare the total number of detached cells (see Figure 8 ), we observe that more cells are detached for higher re-attachment rates (e.g., x ≈ 0.3 and t ≈ 20). We would like to point out that the behavior of the total cell count in the flow differs from that of detached cells. This is because of the transport of cells from upstream. We note that the biofilm height only slightly affects the bulk fluid velocity (a few percent). However, as we see, the cell count across the pipe changes dramatically. Thus, the computational grid along the pipe is necessary to capture the change of the cell count. For our next set of numerical results, we increase the substrate concentration at the inlet and consider the concentrations to be 16 and 24 g/m 3 . In all numerical examples, we consider the re-attachment rate to be 75 percent. In Figure 9 , the biofilm height is plotted for both substrate concentrations. We see from this figure that higher substrate concentrations result in higher biofilm heights. Indeed, in Figure 10 , we compare the biofilm heights along the pipe at the final time, t = 28 hours. It is clear from this figure that higher substrate concentrations result in higher biofilm heights throughout the pipe. This can be readily explained by the high substrate concentration directly affecting the growth of biofilm.
In Figure 11 , we plot the substrate concentrations in space and time for two different inlet substrate concentrations, 16 and 24 g/m 3 . One can see the values of the inlet substrate concentrations in this figure. In Figure 12 , the substrate concentrations at the final time, as a function of the pipe length, is plotted for different values of inlet substrate concentrations. Clearly, the substrate concentration remains high along the pipe for higher inlet values of substrate concentrations. The substrate concentrations are only transported with the velocity affected by the biofilm height.
Next, we consider the number of detached cells and total cells in the flow for two different values of inlet substrate concentrations. In Figure 13 , the total number of cells in the flow is plotted as a function of space and time for two different values of the inlet substrate concentrations, 16 and 24 gm/m 3 . One can see from this figure and Figure 14 , which depicts the comparison of total number of cells for 3 different values of inlet substrate concentration, that the total number of cells in the flow is positively correlated with the inlet substrate concentration. In particular, a higher inlet concentration yields a higher number of cells in the flow. Indeed, a higher substrate concentration provides a higher growth rate of biofilm, and, consequently, higher detachment of the cells. The number of detached cells is plotted in the next two figures, Figure 15 and Figure 16 . Again, we see that the total number of cells in the flow is larger than the total number of detached cells. Finally, the total number of cells for overall simulation is plotted against the inlet substrate concentration in Figure 17 to give a quantitative description. We see from this figure that
where N is the total number of cells in the fluid during the entire simulation, and S I is the inlet substrate concentration. Because the substrate consumption is related to the surface area of the biofilm (rather than its volume), the power is smaller than 1. Because of the irregular surface of the biofilm, we do not get the surface scaling for the total number of detached cells, whereas we do obtain a number between the surface scaling 2/3 and volume scaling 1.
Extensions of hybrid model
The hydrodynamic model used in the paper does not take into account the variation of the fluid velocity across the pipe. We can extend this model for the pipes of general form by using Navier-Stokes equations. For these computations, the pipe is divided into the computational grid. We call this grid a coarse-grid (see Figure 18) . A cell of a representative size is assigned to each coarse grid point. In each of this small volume, the cellular automata model of Hunt et al., 2003 , will be used. The computational procedure is the same as in the case of the simplified model. In this case, we can also take into account the shear stresses and the detachment due to shear stresses.
We would like to consider two species model, where the pathogen bacteria and biofilm are present in the system. This has a wide range of applications in modeling pathogenic bacteria in drinking water systems and aquifers. Aquifers can be represented using a pore-network model. We have developed two species of cellular automata model. In this model, competition between the species is implemented, and the detachment rules are modified. It is observed that the pathogenic bacteria tend to cluster, and this has been shown in the cellular automata model. Currently, we are extending our hybrid model to take into account the dynamics of the pathogenic bacteria.
The proposed hybrid model can be used to develop accurate upscaling procedures for bioremediation problems arisen in porous media. The hybrid models on a representative volume can be simulated to compute the upscaled quantities for macroscale equations. This type of approach will be more accurate S R S R S R S R S R S R S R S R R S R S R S R S R S R S R S R S R S R S R R S R S R S R S R S R S R S R S R S R S R R S R S R S R S R S R S R S R S R S R S R R S R S R S R S R S R S R S R S R S R S R R S R S R S R S R S R S R S R S R S R S R R S R S R S R S R S R S R S R S R S R S R R S R S R S R S R S R S R S R S R S R S R Figure 18 : Illustration of the coupling of cellular automata model with continuum models.
T S T S T S T S T S T S T S T S T S T S T T S T S T S T S T S T S T S T S T S T S T T S T S T S T S T S T S T S T S T S T S T T S T S T S T S T S T S T S T S T S T S T T S T S T S T S T S T S T S T S T S T S T T S T S T S T S T S T S T S T S T S T S T T S T S T S T S T S T S T S T S T S T S T T S T S T S T S T S T S T S T S T S T S T
and realistic compared to the approaches in which empirical relations are used and parameters are fitted based on experimental data. We plan to apply the developed hybrid model to obtain accurate results for bioremediation and contaminant transport problems in aquifers.
Conclusion
We have presented a hybrid model for the coupling of biofilm growth and hydrodynamic flow in a pipe. A cellular automata model, which is a discrete model, is used to describe the growth of bacteria. This stochastic discrete model is coupled with a continuum model of the fluid flow in a pipe. The potential applications of the proposed model are the flow in drinking water pipe systems or in aquifers. Numerical examples are presented with the aim to demonstrate the dynamic of the macroscopic quantities. We have studied various quantities of interest related to biofilm growth. Various extensions of the presented approach are discussed and they are currently under investigation.
